FePd particles were fabricated in MgO crystalline films by using an ultra-high vacuum (UHV) co-deposition method. As-deposited samples and samples annealed at 973 K and 1073 K were studied by high resolution electron microscopy (HRTEM). The as-deposited FePd particles were in a disordered fcc phase with a ¼ 0:3837 nm and have a certain epitaxial orientations i.e.
Introduction
Thin films with a perpendicular magnetic anisotropy are of great interest for the potential enhancement of data density in magnetic recording media.
1) The ferromagnetism in a FePd alloy system stems from the L1 0 ordered phase, which is characterized by a high uniaxial magneto-crystalline anisotropy (K 1 $ 1:8 Â 10 6 J/m 3 ) along the c-easy axis.
2)
The high magneto-crystalline anisotropy energy is effective to suppress the transformation into superparamagnetism for the case of small particles. In order to decrease the particles size and increase coercivity, d-electron recombined materials with L1 0 order structure, such as FePd, FePt and CoPt were chosen for the metal composition of metalinsulator granular films. Materials such as Al 2 O 3 , Ag and carbon were used as the insulated supporting media to prepare the smaller alloy particles by embedding. [2] [3] [4] [5] [6] MgO with a high melting point of 3103 K and high chemical stability is immiscible with Fe, Pd and their alloy. It is possible to obtain dispersive and small-sized granular alloy films when the particles were embedded in MgO supporting matrix materials since diffusion of metal atoms can be obstructed by MgO. Although there were some reports about nanometer sized granular FePd on MgO, [7] [8] [9] nanometer granular FePd embedded in MgO thin film was not ever studied. In the present paper, small FePd particles embedded in MgO thin crystalline films were synthesized by an UHV evaporation system. Our targeting issue is whether or not to take an ordered phase transformation for the FePd particle affected by the lattice strain between nanoparticle and matrix under temperatures higher than that of its bulk, because it is a basic knowledge for further exploring the limit of magnetic storage density. For this purpose, the microstructure of asdeposited sample and its corresponding samples annealed at 973 K and 1073 K were studied by HRTEM and electron diffraction.
Experimental Procedures
Granular FePd embedded in MgO thin crystalline films was prepared through an ultra high vacuum (UHV) codeposition. 10) A quartz thickness monitor was attached in a chamber to estimate the average thickness of deposited layers. First, MgO was evaporated by an electron beam gun and deposited 10 nm thickness on a (001) cleaved surface of sodium chloride (NaCl) under a base pressure of 6:7 Â 10 À6 Pa at 573 K; Second, the substrate temperature was raised to 633 K, and pure Fe, Pd and MgO were codeposited on the MgO seed layer, where Fe and Pd were evaporated from two independent tungsten boats. The average thickness of FePd was estimate to be about 6 nm, while the thickness of MgO was about 12 nm. The cross sectional structure of the composite film and the deposition chamber is shown in Fig. 1 . After the deposition, a part of the NaCl (001) substrate with as-deposited 'FePd in MgO' films was immersed in a distilled water, then FePd particles in MgO films, which were floating on a surface of water after the NaCl was dissolved, were mounted on a carbon grid supported by a molybdenum mesh. Annealing of the samples for the formation of L1 0 ordered nano-particles was made on a tungsten boat in a separated vacuum furnace at a temperature of 973 K for 24 hours and at a temperature of 1097 K for 4 hours, respectively. The pressure of the vacuum furnace was 6:7 Â 10 À3 Pa. These samples were observed with 200 kV TEMs (JEM-2010, 2010 F). Their point resolutions were 0.19 nm. The expected L1 0 ordered phase of FePd is not confirmed from the SAD pattern of the as-deposited sample. From its HRTEM image as shown in Fig. 3 , it can be seen that there is no characteristic (110) lattice fringes due to the L1 0 structure in the FePd particles with [001] orientation. There are some bends of lattice fringes in a peripheric area of particle A, as shown in Fig. 3(b) , which is caused by a lattice mismatch between MgO (200) with 0.21 nm and FePd (200) with 0.19 nm. The white arrow denotes a distinct bend of lattice fringes. The particle B shows bends of lattice fringes in two directions as shown in Fig. 3 (c). The particle C near the two MgO grain boundaries shows more complete lattice fringes than Particle A and B, which may be caused by a strain release through two MgO grain boundaries. Particle D with size less than 2 nm shows a distinct bend of lattice fringes over the whole particle.
10)

Experimental Results
In order to check the role of MgO for the diffusion of Fe and Pd atoms and obtain the L1 0 structure of FePd, the samples were annealed at 973 K and 1073 K. Through the bright field image and its diffraction pattern of samples annealed at 973 K for 24 hours, as shown in Fig. 2(b) , it can be found that there is neither so much change in size of the particles and in separated distance between particles, nor is the coalescence among the particles. The SAD pattern shows that the orientation has not been changed, and the 110 diffraction spots of the L1 0 ordered structure of FePd do not appear in the SAD. The 200 diffraction spots of FePd become more shaper than those of as-deposited sample. From the HRTEM image as shown in Fig. 4 , it can be found that particles are also of a disordered fcc structure whose (200) lattice images only can be observed. Lattice fringes of these FePd particles have become more straight and regularly spaced than those of as-deposited sample, as shown in Figs. 4(b), (c), (d) and (e). Lattice fringes of Particle C, which is located at the two MgO grain boundary, become more straight and regularly spaced except for the area near the boundary. Suggesting that strain of the particles is easy to release in grain boundaries of MgO. Bend of lattice fringes in Particle D with size less than 2 nm goes through whole particle, which suggests that the strain is released into the whole particle after annealing. So the lattice fringes become more straight and regularly spaced than those of as-deposited sample as shown in Fig. 3 (e). Electron micrographs of particle A and B in Fig. 4 show that lattice fringes of particles also become straight and regularly spaced than as-deposited sample, uneven lattice bend is inclined to be transferred to a peripheric area or a fault area within the FePd particle. The above result shows that even if the annealing temperature is 80 K higher than that of the bulk phase transformation, there is no phase transformation for ordering in such nanometer sized particle system.
From the electron micrograph of samples annealed at 1073 K for 4 hours and its SAD as shown in Fig. 2(c) we can notice that there is a change in size of the particles and separated distance among the particles. The particle size is about 3-4 nm, which is a little bigger than those of two samples mentioned above, and the separated distance of particles is about 2-4 nm. This suggests that some coalescences also take place between the particles. From their SAD patterns, it shows that the crystal orientation has not been changed, and the 110 diffraction spots characteristic of L1 0 ordered structure of FePd do not appear in SAD. The diffraction spots of FePd such as 200 become more shaper than those of the two samples mentioned-above, which results from increase of FePd particle size. It can be concluded that MgO cannot obstruct the atomic diffusion of Fe and Pd atoms at a relative high temperature such as 1073 K. At a relative low temperature such as 973 K, the negligible coalescence of FePd particles can be attributed to a ''pinning effect'' by stack-layer faults, which were formed during the deposition of MgO. The faults are such as steps with 1 nm height on MgO crystal thin film 12) where the FePd particles were originally grown. The steps are considered to be also an obstruction for nm-sized FePd clusters.
Although the sample was annealed at 1073 K for 4 hours, its HRTEM image in Fig. 5 shows no characteristic feature of ordering in the FePd particles, which consists with its corresponding SAD pattern as shown in Fig. 2 
(c).
There is a distinct bend of lattice fringes in peripheric areas of particle A as shown in Fig. 5(b) . The size of particle B is larger than that of other particles due to coalescence, and some bends of lattice fringes exists in the peripheric area of particle B. Particle C near two MgO grain boundaries has some bends of lattice fringes although some strain can be released in two MgO grain boundaries.
From above experimental results, it can be concluded that after annealing at 1097 K for 4 hours, the particles become bigger and begin to coalesce each other, but L1 0 ordered FePd structure could not be formed.
Discussion
If the shape of FePd particles was assumed to be a sphere, thickness of FePd particles should have the similar value as the size of particles i.e. about 2-3 nm. By using a multislice simulation program 13) (EMS software), 14) the extinction distance of the disordered fcc FePd with a ¼ 0:3837 nm was calculated to be 5.32 nm under 'average atom approximation' (namely, the atomic scattering factor in every atom position was assumed to be an average value of two kind of atoms, f ¼ ðf Fe þ f Pd Þ=2Þ. So the size of the present FePd particle is less than the extinction distance, and the image in the disordered FePd particle could be interpreted under the weak phase object approximation, 15) and the bend of lattice fringes which was caused by dynamical diffraction effect from variation of thickness of FePd particles can be neglected. 16) Therefore the bend of lattice fringes observed in the present experiment basically represents the bend of lattice planes.
The FePd bulk system exhibits a phase transition at the equiatomic composition around 920 K between a fcc disordered phase and an L1 0 (CuAu-I type) ordered tetragonal structure. 17) In the present experiment, the phase transformation from the fcc structure to the L1 0 structure did not take place in FePd particles embedded in MgO samples even if annealing temperature was much higher than that of the bulk. The reason is considered as follows.
Due to a size effect, there are some interesting physical properties different from those of bulk in lower dimensional systems, such as films or particles. For example, ultrafine metallic particles melt below their corresponding bulk melting temperature.
18) The transformation temperature into glass phase also increases or decreases depending on the strength of chemical interaction between the support films and the particles and thickness of the films. [19] [20] [21] The size of the particle decreases, the ratio of the number of surface atom and bulk atom is increasing, and most of the system energy will be subjected to the interface energy. The ordered temperature also increases or decreases, which is depended on the interaction between atomic layers of the supported materials and that of FePd particles and lattice vibration factors 22) etc. Size effect on order-ordered transition of binary alloy cluster particularly Fe-(Pd, Pt) clusters, is, theoretically studied based on the Bragg-Williams approximation. 23) In the light of the previous reports, depositing Fe and Pd on MgO (001) substrate at temperature of 600 K can give us ordered L1 0 phase, 8, 9) which takes advantage of Pd buffer layer. There is a misfit of 1% between Pd (200) with plane space of 0.1945 nm and L1 0 order structure of FePd (200) with a plane space of 0.1927 nm. We can draw a tentative Since the space of FePd (200) plane is less than that of MgO (200) plane, compared with compressive stress study of FePd bulk, 24) roughly say, the FePd particles was subjected to tensile stress, which may be equivalent to the role of 'negative pressure' not a role of high pressure that benefits the transformation of high temperature L1 0 phase. Furthermore, with the decrease of size of FePd particles the ratio of the number of surface atom and interior atom was increasing, the system energy of FePd particles surrounded by MgO was changed drastically by the additional strain energy of surface layer. So such FePd particles cannot take a phase transformation from disordered fcc to the L1 0 order structure, even as-deposited sample was annealed at much higher temperature than that of FePd bulk. The structure of FePd embedded in MgO thin films provides an artificial environment to study solid state phase transition of nanometer particles under 'negative pressure', which is easy to be carried out to the system of gas phase by common vacuum technology, but is difficult to the system of solid phase by regular vacuum technology.
Conclusion
The as-deposited FePd particles prepared in the present experiment are in a disordered fcc phase with a ¼ 0:3837 nm and have a certain epitaxial orientations i.e.
[100] (001) FePd k[100] (001) MgO . The size of particles is about 2-3 nm and separated distance of particles is about 3-4 nm. After as-deposited sample was annealed at 973 K for 24 hours, there were neither change in particle size and separated distance, nor transformation to take place from disordered fcc to L1 0 order structure. The only change is that bend of lattice fringes in the FePd particles become more straight and regularly spaced than those of as deposited sample, uneven fringe bend is inclined to be transferred to peripheric areas or fault areas within the FePd particle.
After as-deposit sample was annealed at 1073 K for 4 hours, the size and separated distance of particles is about 3-4 nm and about 2-3 nm respectively. Some coalescences also take place among particles. There is still no transformation to take place from disorder fcc to L1 0 order structure. The reason why L1 0 order structure of FePd can not be obtained at such higher annealing temperature than that of its bulk is suggested to be that the system energy of small size particle is subjected to strong strain effect, which results from lattice mismatch. The strain energy does not benefit the formation of the order phase even as-deposited sample was annealed at higher temperature than that of its bulk.
Although we did not get nanometer sized FePd L1 0 structure embedded in MgO matrix in the present experiment, the result is instructive for designing other materials as matrix.
